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IMMORTALISATION OF MAMMALIAN CELLS AND THERAPEUTIC APPLICATIONS OF SAID CELLS 

Field of the Invention 

The present invention relates to the preparation of cells for use in therapy. 
In particular, the present invention relates to the preparation of immortalised 
5 mammalian cells for therapeutic application. 
Background to the Invention 

SV40 is a small DNA tumour virus that elicits either a lytic infection in its 
natural host, macaque monkey cells, or neoplastic transformation in a wide 
variety of non-permissive rodent cells. One of the early gene products of SV40, 

10 the large T antigen, is a multifunctional phosphoprotein that has been studied 
extensively as a model system for understanding diverse and complex cellular 
phenomena such as nuclear transport, transcriptional regulation, eukaryotic DNA 
replication and deregulation of cell growth resulting in neoplastic transformation 
(reviewed in Fanning and Knippers, 1992; Manfredi and Prives, 1994; Sullivan 

1 5 and Pipas, 2002). It has even been suggested that SV40 may be a pathogen in 
a limited number of human tumours such as mesotheliomas and osteosarcomas 
(Gazdar ef a/, 2002). 

T antigen's ability to deregulate cellular proliferation pathways is reflected 
in its very efficient immortalisation of primary rodent cells (Jat and Sharp, 1986; 

20 Petit et a/., 1983), low frequency immortalisation of human cells (Shay et a/., 
1993), and transformation of established rodent cell lines to tumorigenicity 
(Brown et a/., 1 986). It alone is sufficient for immortalisation of rodent cells (Jat 
and Sharp, 1986) but requires additional activities such as reconstitution of 
telomerase activity for full immortalisation of human cells (Jha et a/., 1998; 

25 O'Hareefa/., 2001). 

The ability of T antigen to deregulate cell proliferation mechanisms is 
dependent upon its specific interaction with a variety of host cell proteins. The 
study of T antigen associated proteins has led to the elucidation of many 
signalling pathways as well as identification of tumour suppressor genes 

30 (reviewed in (Manfredi and Prives, 1994; Sullivan and Pipas, 2002)). The 
tumour suppressor protein p53, mutated or deleted in the majority of human 
cancers, was originally discovered as a T antigen interacting protein (Lane and 
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Crawford, 1979; Linzerand Levine, 1979). Identification of the interaction of T 
antigen with members of the Retinoblastoma (pRB) family of proteins has also 
resulted in substantial advances in understanding their normal cellular functions 
as cell cycle regulatory proteins (DeCaprio et a/., 1988; Zalvide and DeCaprio, 
5 1995). Additional T antigen binding partners such as p300 and p400 also 
contribute to the full repertoire of T antigen functions, but their precise roles 
remain unresolved (Eckner et a/., 1996; UN et a/., 1997). More recently, it was 
found that the extreme N-terminus (amino acids 1-70) of T antigen constitutes 
a bona fide DnaJ domain (Campbell et a/, 1 997), which is required for efficient 

10 viral replication as well as some transformation functions (Campbell et a/., 1997; 
Srinivasan et a/., 1997; Stubdal et a/., 1997; Sullivan and Pipas, 2002). 

T antigen is clearly an extremely versatile viral oncoprotein. However, 
unlike the polyomavirus middle T antigen or activated Ras proteins, T antigen 
is a relatively weak transforming protein. Thus, even when T antigen expression 

15 is delivered by retroviral infection into almost every cell, only a few cells become 
transformed, suggesting that additional activities or genetic alterations may be 
required for full transformation (Jat and Sharp, 1 986). Perhaps germane to the 
process of oncogenic transformation is the fact that expression of T antigen in 
human cells has been shown to cause genomic instability by inducing 

20 chromosomal aberrations and aneuploidy (Chang et a/., 1 997; Ray et a/., 1 990; 
Stewart and Bacchetti, 1991; Woods ef a/., 1994). While this function could be 
explained by disruption of p53 activity upon association with T antigen, the N- 
terminal 147 amino acids of the protein, which do not contain p53 binding 
sequences, can induce genome destabilisation as effectively as the wild-type 

25 protein (Woods et a/., 1994). Destabilisation also does not absolutely require 
binding to pRB family members (Woods et a/., 1 994). The ability of T antigen to 
cause such karyotypic instability in human cells, has been found to correlate with 
its ability to deregulate normal mitotic checkpoints (Chang et a/., 1997). The 
mechanism by which T antigen causes karyotypic instability or induces 

30 endoreduplication is not known. 
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Summary of the Invention 

The present invention is based on the finding that T antigen binds to Bub1 
protein kinase, and that this interaction is responsible for the genomic instability 
sometimes associated with T-antigen expressing cells. The interaction is not 
5 required for immortalisation of cells and so disrupting this binding is useful for 
the preparation of genetically stable immortalised cell lines. 

According to a first aspect of the invention, there is a SV40 T antigen 
protein that lacks the ability to bind to the Bub1 protein. 

According to a second aspect of the invention, a recombinant mammalian 
1 0 cell comprises a polynucleotide that encodes T antigen, wherein the expressed 
T antigen is modified to prevent binding to Bub1. 

According to a third aspect of the present invention, a recombinant cell, 
as defined above, is used in therapy. 

According to a fourth aspect of the present invention, a recombinant cell, 
15 as defined above, is used in the manufacture of a medicament for the treatment 
of a disorder associated with cell loss or cell damage. 
Description of the Figures 

The present invention is described with reference to the accompanying 
drawings, wherein: 

20 Figure 1 illustrates various genetic constructs used in the two-hybrid 

analysis; 

Figure 2 illustrates the results of T antigen/Bubl binding studies; 
Figure 3 illustrates the results of Bub1 kinase activity; 
Figure 4 illustrates the conserved sequence of the Bub1 binding domain 
25 in different T antigens and the immortalisation efficiency of different T antigen 
mutations; 

Figure 5 illustrates the results of the analysis of mitotic index; 

Figure 6 shows that chromosomal visualisation following immunostaining; 

and 

30 Figure 7 shows the cell cycle profile after DCB treatment. 

Description of the Invention 
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The present invention was identified by exploiting a yeast two-hybrid 
screen to search for cellular proteins that interact with the amino terminus of 
SV40 T antigen. It was shown that T antigen interacts specifically with the 
mitotic spindle assembly checkpoint protein, Bub1 (Hoyt et a/., 1991). This 
5 interaction was confirmed by reciprocal co-immunoprecipitation analysis in a 
wide variety of cell types. Genetic analysis indicated that a specific tryptophan- 
containing motif on T antigen is required for its interaction with Bub1 . Interaction 
with Bub1 is not required for immortalisation by T antigen but is necessary for 
transformation. T antigen expression results in a partial disruption of the spindle 

10 assembly checkpoint such that cells can undergo mitosis even in the presence 
of low levels of spindle damage. T antigen mutants that fail to interact with Bub1 
are defective in their ability to modulate the spindle checkpoint. 

The binding site for Bub1 on T antigen is distinct from the binding sites for 
previously reported T antigen interactors. The genetic analysis of Bub1 binding 

15 to T antigen indicates that determinants in the region of helix 4, between amino 
acids 89 and 97, are critical for the interaction. This segment of T antigen is 
located between the DnaJ domain (residues 1-70) and the "LXCXE" motif 
(residues 1 03-1 07) required for binding to pRB family members. The amino acid 
sequence for T antigen is shown in SEQ ID NO. 1 . The 89-97 deletion mutant 

20 (dl89-97) was the most defective mutant for binding Bub1 , although each of the 
conserved tryptophans W91 , W94 and W95 in the "WEXWW motif were 
important for efficient binding (X refers to any amino acid). The deletion in 
mutant dl89-97 is unlikely to be grossly perturbing the T antigen structure, 
because dl89-97 T antigen has been shown to be able to alter the 

25 phosphorylation state of p1 30 as well as target it for degradation, indicating that 
the DnaJ domain and pocket protein binding functions are intact (Stubdal et a/., 
1997). Moreover, mutant dl89-97, as well as each of the tryptophan substitution 
mutants, was still capable of immortalizing rat embryo fibroblasts (REFs) as well 
as or better than wild-type T antigen. DI89-97 T antigen can also bind to Hsc70, 

30 pRB and p53, activate an E2F transcriptional reporter like wild-type T antigen 
and successfully overcome a p53-dependent cell cycle arrest (Gjoerup et a/., 
2000). Finally, experiments carried out by the inventors with the actin assembly 
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inhibitor DCB also support the conclusion that the dl89-97 mutant, like wild-type 
T antigen, overcomes the p53-dependent tetraploidy checkpoint (Andreassen et 
a/., 2001; Lanni and Jacks, 1998; Minn et a/., 1996). Thus, the overall structural 
integrity of dl89-97 T antigen is likely to be preserved. The "WEXWW" motif is 
5 conserved between SV40, BK, JC, and bovine polyomavirus T antigens. The 
degree of conservation between the viral T antigens suggests an important 
function for this motif, perhaps in a similar manner to the conserved 
"HPD(K/R)"motif of DnaJ domains. 

T antigen enhances both the Bub1 autokinase activity as well as its 

1 0 activity towards exogenous substrates such as histone H 1 . This mode of action 
is quite unusual for T antigen. Usually, it inactivates its target proteins, which 
are often tumour suppressors. Since this activation was unusual, strenuous 
efforts were made to confirm that the kinase activity measured was truly due to 
Bub1 , It was shown that the kinase signal can be silenced with specific siRNA 

15 oligos or DNA based RNAi directed against Bub1 . 

The interaction of Bub1 and T antigen may explain existing literature. 
Several reports have demonstrated that T antigen is able to induce aneuploidy 
and genetic instability, giving rise to both structural and numerical chromosome 
aberrations (Chang ef a/., 1997; Levine et a/., 1991; Ray et a/., 1990; Stewart 

20 and Bacchetti, 1 991 ; Woods et a/., 1 994). It had been proposed originally, that 
this instability was most likely to be due to the ability of T antigen to interact with 
and inactivate the p53 protein. However, it was subsequently shown that an 
amino terminal 147 amino acid fragment of T antigen that is unable to interact 
with p53 can still efficiently induce instability, and that interaction with pRB was 

25 also not strictly required for the induction of genomic instability (Woods ef a/., 
1 994). Moreover, it was shown that loss of p53 in somatic cells did not result in 
aneuploidy, although a slight tendency towards tetraploidization was observed 
(Bunz et a/., 2002). Thus, the mechanism by which T antigen causes karyotypic 
instability or induces endoreduplication is not known. 

30 Since it had been shown that the amino terminus was sufficient to induce 

genome instability, a yeast two-hybrid screen was carried out using the N- 
terminal domain of T antigen as bait and a HeLa cDNA library as prey. One two- 
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hybrid interactor thus identified was the human Bub1 protein kinase, a 
checkpoint protein involved in monitoring assembly of the mitotic spindle (Cahill 
et a/., 1998; Roberts et a/., 1994; Taylor and McKeon, 1997). The bub (budding 
uninhibited by benzimidazole) and mad (mitotic arrest deficient) genes were 
5 initially identified in yeast genetic screens (Hoyt et a/., 1991; Li and Murray, 
1991), and subsequently, mammalian counterparts were discovered. Current 
knowledge suggests that Bub1 together with Bub3 are components of a multi- 
protein spindle checkpoint complex at the kinetochore, which can sense lack of 
tension at the kinetochore and/or attachment of a microtubule to the kinetochore 

1 0 (Millband et ai , 2002; Skoufias et ai , 2001 ). Even if a single kinetochore is not 
attached, a signal is generated that is transduced through a signalling cascade 
and culminates in the inhibition of the ubiquitin ligase complex termed the 
anaphase promoting complex/cyclosome (APC/C) and a transient arrest of the 
cell cycle at the metaphase to anaphase transition. This checkpoint ensures the 

15 accurate segregation of sister chromatids at mitosis by monitoring their proper 
bivalent attachment to mitotic spindles. Bub1 has been found to be occasionally 
mutated in certain types of human cancer such as colorectal cancer, which is 
characterized by chromosomal instability and increased aneuploidy (Cahill et a/., 
1998; Ru et al. } 2002; Shichiri et ai, 2002). 

20 The genetic analysis of T antigen mutants shown herein demonstrates 

that binding to Bub1 is dispensable for immortalization but may be required for 
transformation. Furthermore, T antigen, but not a non-Bub1 binding mutant of T, 
overrides the spindle checkpoint. The results suggest an important additional 
mechanism for the transforming activity of T antigen. 

25 The inventors found that dl89-97 T antigen, which does not interact with 

Bub1 , was defective for induction of endoreduplication in the presence of spindle 
damage. 

The polynucleotide encoding T antigen may be comprised in a 
recombinant DNA or retroviral vector or construct to transduce/infect the cells. 
30 The vector or construct may further comprise a suitable promoter region to 
initiate transcription of DNA and a selectable marker which may be used to 
identify those cells that have undergone transduction/infection. Regulation of 
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expression may be carried out by methods known to the skilled person. For 
example, regulation may be effected using the long terminal repeat (LTR) 
promoter. Alternative promoters will be apparent to the skilled person. For 
example, regulation may be effected using the cytomegalovirus (CMV) promoter. 
5 The CMV promoter is a very strong promoter, and may be preferred when the 
cells are neural cells, e.g. neuroepithelial stem cells. 

The term "T antigen" refers to the large T antigen of the polyomavirus 
family. The term includes the natural and modified versions, including 
recombinant versions that retain the ability to immortalise a cell, but which can 

10 be regulated by external factors, e.g. temperature-sensitive mutants. The 
preferred T antigen is derived from SV40 virus. 

A preferred embodiment is a temperature-sensitive mutant oncogene 
encoding a large T antigen. The large T antigen is preferred for cells that are 
to be used in transplantation therapies. The wild-type large T antigen requires 

1 5 components such as activated ras and small T antigen to become tumourigenic. 
Therefore, large T antigen on its own reduces the possibility of unconditional 
transformation. Using a temperature-sensitive mutant further reduces the ability 
of the antigen to induce uncontrolled transformation, although the use of a 
temperature-sensitive mutant is not a critical limitation of the present intention. 

20 The mutant preferably comprises the nucleotide sequence encoding the 

large T antigen (SEQ ID No. 1) having a U19 deletion, e.g. that corresponding 
to the early region of the U19 tsA58 double mutant; see US5270191. The 
mutant will however lack one or more of the amino acid residues indicated as 89- 
97 in SEQ ID No. 1 , or will comprise a mutation to one or more of said residues. 

25 The construction of this mutant is shown below. The U1 9 mutation prevents the 
antigen from binding to the SV40 origin of replication, ensuring that integrated 
proviruses that contain an origin of replication are safe. Methods for introducing 
suitable constructs into cells, are known to the skilled person. 

The use of a temperature-sensitive mutant is desirable for the conditional 

30 immortalisation of cells. This has benefits for transplantation therapies where 
the cells can be maintained in culture conditions suitable for growth and 
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replication, but when transplanted the unconditional growth is inhibited due to 
body temperature. 

In use, it is preferred if the transduced or infected cell further comprises 
a polynucleotide encoding the catalytic sub-unit of the telomerase complex 

5 (hTERT); see International Patent Application Number WO-A-01/21790, the 
content of which is incorporated herein by reference. It has been found by the 
present inventors that the combination of T antigen comprising the Bub1 deletion 
and U19 deletion used in combination with hTERT results in karyotype stability 
and immortalisation. Cells having these components produce diploid cells that 

10 retain immortal character. 

The T antigen and the polynucleotide encoding the telomerase may be 
comprised in a recombinant DNA or retroviral vector or construct to 
transduce/infect the cells. The two components may be incorporated into one 
vector (bicistronic) or each may be comprised in a separate vector. The vectors 

15 or constructs of the invention may further comprise a suitable promoter region 
to initiate transcription of DNA and a selectable marker which may be used to 
identify those cells that have undergone transduction/infection. Regulation of 
expression may be carried out by methods known to the skilled person. For 
example, regulation may be effected using the long terminal repeat (LTR) 

20 promoter, e.g. from Maloney Murine Leukemia virus. Alternative promoters will 
be apparent to the skilled person. For example, regulation may be effected 
using the cytomegalovirus (CMV) promoter. The CMV promoter is a very strong 
promoter, and may be preferred when the cells are neural cells, e.g. 
neuroepithelial stem cells. 

25 A preferred (bicistronic) construct of the invention has the following order 

of elements: 

LTR-hTERT-CMV promoter-TAg(U1 9tsA58)-IRES-neo-LTR. 
The above construct lacks the Bub1 binding site in T antigen due to a 
deletion of amino acid residues 89-97. The LTR used in this construct is that 
30 from Maloney Murine Leukemia virus, IRES is the Internal Ribosome Entry Site 
and neo is the gene conferring G41 8 resistance when the gene is transfected 
into cells. 
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In a further preferred embodiment, the hTERT is provided in a separate 
construct, with the LTR as promoter, and a separate construct contains the T 
antigen (with Bub1 mutation). 

Any mammalian cell may be used in the present invention. 
5 For example, the cell may be an endothelial cell, and may be used for the 

revascularisation of the leg, heart and other organs. Preferably, the cell is a 
human somatic cell, e.g. human epithelial stem cell, which is capable of 
differentiation into a specific cell type. A particularly preferred cell is a human 
neuroepithelial stem cell which may be used in neural transplantation to repair 
10 cell loss or damage and correct behavioural or psychological deficits, e.g. 
Alzheimer's disease or Parkinson's disease. Alternatively, the cell may be a 
differentiated cell, e.g. the 3 cells of Islets of Langerhans. Additional cells 
include, but are not limited to, those obtainable from the endocrine glands, 
retinal cells, cochlear cells, liver cells, osteoblast and osteoclasts, myoblasts, 
15 fibroblasts and keratinocytes. Additional cells include stem cells or progenitor 
cells from the bone marrow, including stem cells that have mesodermal, 
endodermal and ectodermal cell types. 

In a further preferred embodiment, the cell is a mammary cell, in particular 
a mammary luminal cell or a mammary fibroblast cell. 
20 The transduced or infected cells may be cultured under conditions known 

to those skilled in the art. It is preferable that the cells are cultured under non- 
stressed conditions. A skilled person will appreciate the conditions suitable for 
each particular cell type, based on conventional culture techniques. 

The transformed/immortalised cells according to the invention may be of 
25 use to create stable cell lines for therapeutic use. The cells may be of use in 
transplantation therapies, as will be appreciated by those skilled in the art. 

The following experiments illustrate the invention. 
Yeast two-hybrid analysis 

The amino-terminal fragment of T antigen comprising nucleotides 1-408 
30 was cloned in-frame with the LexADNA-binding domain into pGilda, a galactose- 
inducible expression vector derived from pEG202 (Clontech). The MATa 
S. cerevisiae LEU2 selection strain EGY48 was transformed with the LexA-T 
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antigen bait and the pJK103 LacZ reporter plasmid. The MATa S. cerevisiae 
strain RFY206 was transformed with a HeLa cDNA library (pJG4-5 library vector 
expressing B42 acid blob fusion proteins under the control of the GAL1 inducible 
promoter). The two strains were mated, and plated on selective media lacking 
5 leucine at 30°C for 4 days to select for interactors. The colonies obtained were 
analysed for galactose-dependent growth on media lacking leucine, and 
galactose-dependent blue colour on media containing X-Gal. Plasmid DNA's 
from the strongest positives were recovered and transformed into E. coli JS4. 
Library plasmids were identified by colony PCR and classified by Haelll 

1 0 restriction enzyme digestion patterns. Clones that interacted specifically with the 
LexA-T antigen bait were sequenced and identified by BLAST sequence 
comparisons with the GenBank and EMBL databases. 
Cells and cell culture 

tsa8, tsa14, SV4,U20S, 293T, Rat-1, NIH3T3, BOSC23 and Phoenix 

15 amphotropic cells were propagated by standard procedures (Gjoerup et a/., 
2000; Jat and Sharp, 1 989). NIH3T3/T cells were derived by cotransfecting NIH 
3T3 cells with pSE (encoding the SV40 early region) and the selectable plasmid 
pSV2neo. NIH3T3A/ cells were derived by transfecting NIH3T3 cells with pKS 
(pBluescript, Stratagene) and with pSV2neo. Stable cell lines of U20S cells 

20 were generated by cotransfection of wild-type or mutant T antigen expression 
vectors together with the puromycin resistance vector pE-puro (Gjoerup et a/., 
2000). 

Retroviral infections and immortalisation assay 

Retroviruses were prepared by transfection of pBabe-puro vectors into 
25 Phoenix amphotropic or BOSC23 ecotropic producer cells. Viral supernatants 

harvested 48 hours post-transfection were used for infection followed by 

subsequent selection of the infected cultures using 1.5 pg/ml puromycin. 

Immortalisation assays were carried out using cultures of secondary REFs as 

described previously. Representative dishes were stained after 14 days of 
30 selection and the number of colonies determined. At least 6 colonies were 

isolated for each mutant T antigen and expanded to determine if they could 

establish cell lines. 
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Plasmids and mutagenesis 

The pSG5 expression vectors encoding wild-type T or mutant T antigens 
have been described previously (Gjoerup et a/., 2000; Stubdal et a/., 1997; 
Zalvide and DeCaprio, 1995). Recombinant retroviruses encoding wild-type T 

5 antigen or each of the mutants were prepared by inserting the cDNA into the 
pBabe-puro retroviral vector (Morgenstern and Land, 1990). Point mutants in 
the region between residues 89 and 97 in T antigen were generated by 
QuikChange site directed mutagenesis (Stratagene). A Bub1 expression vector 
was constructed by inserting HA-tagged full-length murine Bub1 (provided by J. 

10 van Deursen (Wang etal. 2001)) into pcDNA3.1 (Invitrogen). The kinase-dead 
mutant of mBubl (K795A; (Kaplan etal., 2001; Sharp-Baker and Chen, 2001)) 
was generated by site directed mutagenesis. 

The DNA based RNAi vector pSuper has been described 
(Brummelkamp et a/., 2002). Duplex oligos [5' 

1 5 GATCCCCGATGCATTTGAAGCCCAGTTTCAAGAGAACTGGGCTTCAAATG 
CATC I I I I I GGAAA 3' (SEQ ID NO. 2), 5' AGCTTTTCCAAAAAGATG CATT 
TGAAGCCCAGTTCTCTTGAAACTGGGCTTCAAATGCATCGGG 3' (SEQ ID 
NO. 3] designed to target the same sequence that was successful for silencing 
Bub1 using siRNA oligos were inserted into pSuper and transfected into 293T 

20 cells. 

Silencing by siRNA oligos 

Oligos designed to target Bub1 essentially as recommended by Elbashir 
etal. (Elbashir etal., 2001) were obtained from Dharmacon (Lafayette, CO). The 
duplex oligos were "Bub1 sense" (5' GAUGCAUUUGAAGCCCAGUdTdT3'; SEQ 

25 ID NO. 4) and "Bub1 anti-sense" (5' ACUGG GCUUCAAAUGCAUCdTdT 3'; 
SEQ ID NO. 5), targeting the region nt 1490 to 1512 relative to the human Bub1 
ATG start codon. 
Microscopy 

NIH3T3 cells were treated with nocodazole, 12 hours after plating from 
30 confluence, at a range of concentrations from 20-80 ng/ml for about 12 hours 
and 1 0 ug/ml of Hoechst 33258 for at least 2 hours and analyzed by microscopy. 
Flow cytometry and cell synchronization 
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U20S cells were treated with 100 ng/ml nocodazole for 48 hours, after 
which the cells were harvested in their medium, washed twice in ice cold PBS, 
fixed in ice cold 70% ethanol, stained with propidium iodide and analyzed by 
FACS (Gjoerup et ai, 2000). For the DCB experiment, cells were treated with 
5 nocodazole, and mitotically arrested cells harvested by shake-off. These cells 
were then washed, replated in the presence of 10 pM DCB for 18 hours and 
analyzed by FACS as previously outlined (Andreassen ef a/., 2001). 
Antibodies, immunoprecipitations and Western blotting 

Immunoprecipitation and Western blotting were carried out by standard 

1 0 procedures (Harlow and Lane, 1 990). Briefly, cells were extracted with TEB lysis 
buffer [20 mM TrisHCI pH 7.5, 137 mM NaCI, 1% Nonidet P-40, 10% glycerol, 
10 |jg/ml leupeptin, 10 |jg/ml pepstatin, 0.5 mM phenylmethylsulfonyl fluoride]. 
Nocodazole-treated NIH3T3 cells were harvested in their medium to avoid 
discarding cells in G2/M phase. 20-30 pg of total protein was analyzed by 

1 5 Western blotting using ECL (Amersham-Pharmacia). The antibodies used were: 
T antigen mouse monoclonal antibodies PAb41 6, PAb41 9, PAb423 and PAb1 00; 
Bub3 rabbit polyclonal antibody (obtained from P. Sorger); cyclin B1 (GNS1) 
mouse monoclonal antibody (Santa Cruz Biotechnology), securin rabbit 
polyclonal antibody (a gift from M. Kirschner). In co-immunoprecipitation 

20 experiments, Bub1 protein was visualized only after T antigen was 
immunoprecipitated with a monoclonal antibody recognizing the extreme C- 
terminus (PAb423). It was not detected when T antigen was immunoprecipitated 
with monoclonal antibodies PAb416, PAb419 or PAb100, probably due to 
reduced accessibility of the binding site. Our N-terminal and C-terminal Bub1 

25 polyclonal antibodies, were raised in rabbits using the hBubl amino acids 1 -303 
or 691-1085, respectively, fused in frame to glutathione S-transferase. The 
fusion proteins were insoluble, so inclusion bodies were purified and used for 
immunization by standard procedures (Harlow and Lane, 1990). In addition, 
Bub1 antibodies from other sources were used to analyse the T antigen/ Bub1 

30 interaction (Martinez-Exposito et a/., 1 999; Tang ef a/., 2001 ). 
Kinase assays and V8 phosphopeptide mapping 
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For in vitro kinase assay, immunoprecipitations were carried out by 
• standard protocols using an affinity-purified Bub1 polyclonal antibody (Tang et 
a/., 2001). Cell extractions were performed with TEB including 2mM EDTA. 
Protein A sepharose beads were washed twice with TEB and twice with kinase 
5 buffer [50 mM TrisHCI pH7.5, 10 mM MgCI 2l 1 mM NaF, 10 mM b- 
glycerophosphate, 1 mM DTT]. The in vitro kinase reaction was initiated by 
adding to the beads 30 pi of kinase buffer supplemented with 5 pCi Y-[ 32 P] ATP 
and 20 pM cold ATP. V8 mapping was performed according to the basic outline 
originally reported by Cleveland et al. (Cleveland et a/., 1977). The objective 
10 was to compare the ectopically expressed HA-mBub1 phosphopeptide pattern 
to that of endogenous mBubl from NIH3T3A/ or NIH3T3/T cells. In vitro kinase 
reactions were conducted with endogenous Bub1 from NIH3T3A/ or NIH3T3/T 
cell lysates using Bub1 antibody in parallel with HA-mBub1 transfected U20S 
cell lysates using the HA.1 1 monoclonal antibody directed against the HA tag 
15 (Covance). Reactions were resolved by SDS-PAGE and bands believed to 
correspond to either endogenous Bub1 or ectopically expressed HA-mBub1 were 
excised. The acrylamide pieces were carefully placed in the lanes of a second 
SDS-PAGE gel. Proteins within the gel slices were digested for 30 minutes 
when two thirds of the way through the stacking gel with either 1 0 or 50 ng of V8 
20 protease (Sigma). 

Focus formation assay 

These were carried out on low passage Rat-1 cells using T antigen cDNA 
expression vectors as previously described (Kalderon and Smith, 1984). Foci 
were visualized by staining with 0.5% crystal violet approximately 3 weeks post- 
25 transfection. The assay was repeated 4-5 times with very similar outcomes to 
the experiment depicted in Fig. 5. 
Construction of triple mutants of TAg (U19tsA58dl89-97) 

The mutant was constructed by fusing the front 400 nucleotides from a 
dl89-97 (i.e. lacking amino acids 89-97 as in SEQ ID No. 1 ) large T cDNA to the 
30 remainder of the early region from the U19tsA58 mutant which is described in 
Almazan & McKay, Brain Res., 1992; 579(s): 234-245. U19tsA58 is a double 
mutant resulting from the fusion of U1 9 and tsA58. This construction was carried 
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out using two plasmids pZipNeoSVU19tsA58 and pBabe dl89-97. The 
pZipNeoSVLM 9tsA58 carries the whole region of the double mutant inserted 
between the BamH1 sites. The insert corresponds to Bgl1(nuc 5235) to Hpa1 
(nuc2666) inserted into the BamH1 site of pZipNeoSV(X)1 using BarnM linkers 
5 after blunting. 

The pBabe dl89-97 carries the cDNA for large T inserted into the BamH1 - 
the insert, is from an engineered Nco1 site at the ATG (approx nuc 5164 within 
SV40) to the BamH1 site (nuc2533) downstream of the poly A site. 

The chimera was made by fusing a BamH1-Ear1 fragment (nt 4428 within 

1 0 SV40) from the dl89-97 plasmid (the front end of the cDN A for 89-97) to an Earl - 
BamH1 fragment from pZipNeoSVU19tsA58. This large fragment supplied the 
remainder of the vector as well as the remainder of the SV40 early region. Due 
to the presence of multiple enzyme sites, the large fragment was constructed 
from two sections; Ear I to Dra III and Dra III to Bam H1. This resulted in the 

1 5 construction of a cDNA which has the front end from dl89-97 and the back end 
from the U1 9 ( U1 9 mutation corresponds to two amino acid mutations within the 
middle fragment) tsA58 ( single amino acid change within the c-terminus) and 
essentially a plasmid which is pZipNeoSVd!89-97U19tsA58 that represents a 
cDNA with the three mutations dl89-97, U1 9 and tsA58. 

20 Construction of hTERT/Bub 1AJ19 mutant cell lines 
Summary of cell lines made 

6 different kinds of immortalised cell lines were made: 3 from human 
mammary fibroblasts and 3 from human mammary luminal cells as follows: 
Human fibroblasts cell lines infected with the following virus constructs: 

25 1. TAg(U19tsA58dl89-97)/hTERT (T Ag triple mutant). This cell line was 
called HMFts4. 

2. TAg(U19dl89-97)/hTERT (T Ag double mutant, i.e. the T Ag was not 
temperature-sensitive). This cell line was called HMFU19. 

3. TAg(U1 9tsA58)/hTERT (T Ag double mutant, i.e. there is no Bub1 
30 mutation dl89-97). This cell line was called HMF 26. 

human mammary luminal cells infected with the following virus constructs: 
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4. T Ag (U19tsA58dl89-97)/hTERT (T Ag triple mutant). This cell line was 
called LTS4. 

5. TAg(U19dl89-97)/hTERT (T Ag double mutant, i.e. the T Ag was not 
temperature-sensitive). This cell line was called LU19. 

6. TAg(U 1 9tsA58)/hTERT (T Ag double mutant, i.e. there is no Bub1 
mutation dl89-97). This cell line was called L8/13. 
Materials and Methods for generation of cell line Nos 1 and 3. 

The same general methodology was used for the different constructs to 
generate the other cell lines. 

Generation of the T Ag (i.e. large T Antigen) triple mutant construct is as 
described above and this was used to produce a stable amphotrophic producer 
cell line using the teflya system. The amphotrophic virus from these cells was 
used to infect human mammary luminal cells and human mammary fibroblast 
cells in conjunction with a retrovirus expressing hTERT. The cells were doubly 
selected with G418 and hygromycin (via the neo gene on the triple mutant 
construct and the hygromycon-resistant gene on the hTERT construct). After 
drug selection the bulk transduced cells were maintained at 33°C, the permissive 
temperature for the ts T Ag and assayed for TRAP activity and tested in Western 
blots for T Ag expression. 

These bulk cultures of infected cells were then subjected to several 
rounds of seeding at clonal density which involved removing the cells from the 
plate, subjecting them to a negative sort to remove any residual myoepithelial 
cells and then recloning the cells. The normal replicative potential of primary 
breast luminal cells is about 20 population doublings, which is approximately 
equal to one passage after seeding at clonal density. The inventors found 
previously that T Ag can extend cell lifespan by up to 80 population doublings 
(4-6 successive clonal passages). This allows a rapid depletion of the extended 
life span induced by T Ag alone and has allowed the inventors to determine if the 
cells expressing hTERT and Large T Ag and mutants thereof have exceeded this 
limit and are immortal. 

At clone level 8 it was shown that T Ag and reconstitution of telomerase 
activity alone were not sufficient for immortalisation of these human cells 
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whereas the combination of hTERT and T Ag readily immortalised them. These 
components can be provided separately from different viruses or in one step 
using the bicistronic retrovirus. The interaction of T Ag with Bub1 was not 
required for immortalization of the mammary luminal epithelial cells in 
5 conjunction with hTERT. 

Following this long period of cultivation the cells were karyotyped to 
determine their karyotype stability ie. to confirm that they were diploid or close 
to diploid. 
Results 

10 Yeast two-hybrid analysis identifies Bub1 as a novel T antigen interactor 

An amino-terminal fragment of large T antigen comprising nucleotides 1- 
408 (encoding amino acids 1-136 of T antigen) fused in-frame with the LexA 
DNA-binding domain was used as bait, as shown in Fig. 1 a. The LexA-T antigen 
bait and a LacZ reporter plasmid were transformed into a MATa S. cerevisiae 

1 5 LEU2 selection strain. The resulting strain was mated with a MATa strain, which 
carried a HeLa cDNA library expressed as a fusion protein with the B42 
transcriptional activator, and plated on selective media lacking leucine to select 
for interactors. An estimated 3x1 0 5 diploid cells were screened and 122 LEU + 
colonies collected after incubation at 30°C for 4 days. Of these, 72 colonies 

20 showed galactose-dependent growth on media lacking leucine, and galactose- 
dependent blue color on media containing X-Gal. The 42 colonies with the 
strongest phenotype were subjected to sequencing and BLAST sequence 
comparisons with GenBank and EMBL databases. This showed that of the 42 
colonies transformed and grown up, 39 were b-tubulin, 2 were a COPII vesicle 

25 coat protein and the third was a single clone of the carboxy terminus of Bub1 
(encoding amino acids 600-1 085), encompassing the protein's conserved kinase 
domain (Fig. 1 b). Retransformation of clones representing each of these three 
interactors showed that only Bub1 was a true interactor. 
T antigen and Bub1 interact as evidenced by co-immunoprecipitation 

30 To confirm the yeast two-hybrid result, it was necessary to demonstrate 

the interaction of T antigen with Bub1 using full-length endogenous proteins from 
mammalian cell lysates prepared from a wide variety of cell lines such as rat tsa, 
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mouse NIH3T3 and human U20S cells. tsa8 and 14 cells are conditionally 
immortal cell lines derived by immortalizing rat embryo fibroblasts with the 
thermolabile tsA58 T antigen (Jat and Sharp, 1989). These cell lines grow 
continuously at the permissive temperature (33°C), but undergo irreversible 
5 growth arrest in the G1 and G2 phases of the cell cycle upon shift to the non- 
permissive temperature (39.5°C), where the tsA58 T antigen is rapidly 
inactivated (Jat and Sharp, 1989), Fig. 2a. T antigen and Bub1 could be 
reciprocally co-immunoprecipitated only at the permissive temperature from tsa 
cells (Fig. 2a). As a control for antibody affinity and stability of the protein- 
ic) protein interaction at 33°C and at 39.5'C, SV4 cells were used, which were 
derived by immortalization of rat embryo fibroblasts with wild-type T antigen and 
can proliferate continuously at both temperatures. T antigen and Bub1 
interacted at both 33°C and 39.5°C in SV4 cells. Control immunoprecipitations 
with an irrelevant antibody demonstrated the co-immunoprecipitation was 
15 specific (data not shown). Direct immunoblotting showed that Bub1 was 
expressed at both temperatures, whereas T antigen was only present at 33°C in 
the tsa cells (Fig. 2a). 

T antigen also co-immunoprecipitated with Bub1 from N I H3T3 eel Is which 
ectopically express T antigen (NIH3T3/T) (Fig. 2b). As controls, parental 
20 NIH3T3 and NIH3T3 expressing an empty vector (NIH3T3A/) were used. We 
also examined the interaction in human U20S cells stably expressing T antigen 
(U20S/T). In these cells we first verified the specificity of the Bub1 antibody 
using siRNA technology. The level of endogenous Bub1 as judged by 
immunoblotting was significantly decreased upon transfection with a specific 
25 siRNA duplex targeting Bub1 (Fig. 2c). Subsequently, we showed that T antigen 
co-immunoprecipitates with Bub1 in U20S/T cells (Fig. 2d). Taken together, 
these data show that Bub1 and T interact as assayed by co-immunoprecipitation 
using either Bub1 or T antigen antibody, and that the interaction can be detected 
in a wide variety of cell lines. 
30 If T antigen and Bub1 are biological partners, T antigen might co- 

precipitate with other proteins known to complex with Bub1 . Therefore, the 
interaction of T antigen with Bub3, another component of the spindle assembly 
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checkpoint, was also tested. Bub3 is found in a complex with Bub1 in yeast, 
mouse and human cells (Hoyt et a/., 1991; Marti nez-Exposito et a/., 1999; 
Roberts et a/., 1994; Taylor et ai., 1998). The binding of Bub3 to Bub1 is 
believed to be critical for the localization of Bub1 to the kinetochores of 
5 unattached chromosomes, and therefore for the proper assembly of the mitotic 
spindle (Taylor et a/., 1 998). It was found that T antigen co-immunoprecipitated 
with Bub3, both in tsa (Fig. 2a) and NIH3T3/T cells (Fig. 2b), suggesting that T 
antigen and Bub1-Bub3 are components of the same protein complex. 
T antigen enhances the Bub1 kinase activity 

1 0 Further experiments were carried out to examine whether T antigen has 

any biochemical effect on Bub1. To this end, the kinase activity of Bub1 was 
investigated. Probably due to the low endogenous kinase activity of Bub1 , most 
previous studies have focussed on purified recombinant Bub1 or ectopically 
expressed epitope-tagged protein (Kaplan et a/., 2001 ; Martinez-Exposito et a/., 

15 1999; Taylor et a/., 1998). However, it was decided to look at the physiological 
level of Bub1 kinase activity. Initially, the endogenous Bub1 kinase activity was 
studied comparing NIH3T3/V and NIH3T3/T cells (Fig. 3a). Cell lysates were 
immunoprecipitated with anti-Bubl antibody and in vitro kinase assays were 
performed. For comparison, ectopic HA-mBub1 immunoprecipitated with anti-HA 

20 antibody from U20S cells transiently transfected with HA-mBub1 expression 
construct was also included. With normalized amounts of total protein used for 
immunoprecipitation, the Bub1 autokinase signal was always stronger from 
NIH3T3/T than NIH3T3/V cells. Furthermore, the band comigrated with ectopic 
HA-mBub1. However, as no previous report has demonstrated endogenous 

25 Bub1 kinase activity, it was necessary to verify that the band detected was 
authentic Bub1 . Therefore, S. aureus V8 protease phosphopeptide mapping 
was carried out to compare the digestion pattern of putative endogenous mBubl 
with that of ectopic HA-mBub1. The close degree of similarity between V8 
digestion patterns strongly suggests that the band indeed represents 

30 endogenous Bub1 (Fig. 3b). When examining the in vitro kinase activity of 
endogenous Bub1 towards an exogenous substrate, histone H1, it was found 
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that the activity was also higher in NIH3T3/T versus NIH3T3/V cells (data not 
shown). 

Since the Bub1 auto-kinase signal was repeatedly cleaner and more 
robust in U20S cells than in NIH3T3, further analysis was focussed on this cell 
5 system. Interestingly, in vitro kinase assays performed with normalized amounts 
of total protein and using Bub1 antibody (Tang et a/ M 2001), indicated that the 
Bub1 autokinase activity was enhanced in U20S/T versus U20S (Fig. 3c). 
Western blotting demonstrated equal levels of Bub1 in U20S compared to 
U20S/T (Fig. 3c). 

10 To confirm that the signal represented endogenous Bub1 kinase activity, 

siRNA technology was used. As shown in Fig. 3d, transfection of a Bub1 
specific siRNAfor 48 hours virtually completely eliminated the Bub1 autokinase 
signal from either U20S or U20S/T cells, whereas the control siRNA had no 
effect. In accordance with Fig. 3c, the Bub1 autokinase activity was elevated in 

15 U20S/T compared with U20S. As additional confirmation of the band being 
dependent on Bub1 expression, we transfected a DNA-based RNAi vector, 
pSuper (Brummelkamp et a/., 2002) which targets the same region of the Bub1 
mRNA as the siRNA oligos. These experiments were conducted in human 293T 
cells that are highly transferable and express T antigen, thus ensuring that the 

20 Bub1 autokinase signal was measurable. It was evident that the Bub1 
autokinase signal was substantially reduced in cells transfected with a DNA- 
based Bub1 RNAi vector ('pSuper Bub1 ') when compared with the empty vector 
('pSuper 1 ) (Fig. 3e). Moreover, two other bands of approximately 105 kDa and 
300 kDa were reduced in intensity upon silencing of Bub1 kinase activity. These 

25 two bands represent potential cellular targets of the Bub1 kinase. 

Since it was formally possible that phosphorylation of Bub1 in the in vitro 
kinase assays was due to a coprecipitating kinase, experiments were undertaken 
to address this possibility. U20S cells were transfected with either the HA- 
tagged mBubl expression vector (Wang et a/., 2001), or a vector encoding an 

30 HA-tagged mBubl carrying a mutation in the critical lysine of the ATP binding 
motif (mBubl K795A), hence predicted to be kinase defective. As shown in Fig. 
3f, anti-HA immunoprecipitates from the HA-mBub1 transfectant displayed 
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abundant Bub1 in vitro kinase activity. In marked contrast, the HA-mBub1 K795A 
mutant (labelled 'KD' in Fig. 3f) proved to be truly kinase defective as predicted, 
since the autokinase signal disappeared. A Western blot with anti-HA antibody 
demonstrated that the wild-type and kinase defective mBubl were expressed at 
5 similar levels (Fig. 3f, bottom). Taken together, these experiments suggest that 
most of the signal corresponding to Bub1 in in vitro kinase reactions was due to 
autophosphorylation, rather than its phosphorylation by an associated kinase, 
and that T antigen expression results in stimulation of its kinase activity. 
Genetic analysis of T antigen/ Bub1 complex formation 

10 To identify the Bub1 binding site on T antigen, mutants were used that 

have previously been isolated within the amino terminal 1 36 amino acids. Initial 
experiments were conducted with U20S lines stably expressing T antigen or 
various mutants. As shown in Fig. 2d, a deletion mutant of T antigen, dl89-97 
(Stubdal et a/., 1997), failed to bind Bub1 in a co-immunoprecipitation assay, 

1 5 while wild-type T antigen showed significant binding. The T antigen mutant K1 
(Kalderon and Smith, 1984), which fails to bind pRB family members, retained 
binding to Bub1 (Fig. 2d). Similarly, the D44N mutant carrying a defective DnaJ 
domain (Campbell et a/., 1997), also retained Bub1 binding (data not shown). 
These analyses demonstrated that the binding between Bub1 and T 

20 antigen required one or more amino acids within residues 89-97 of T antigen. 
To more precisely map the interaction site, point mutants were generated. 
Selection of the specific residues of T antigen to mutate was guided by their 
conservation between different polyomavirus family members. As shown in Fig. 
4a, the motif "WEXWW" was conserved between all large T antigens with the 

25 exception of mouse polyomavirus T antigen. We concentrated our efforts on 
mutating every residue of the conserved motif, as well as neighbouring amino 
acids, to alanine by site directed mutagenesis (alanine scanning mutagenesis). 
Hence, mutants E90A, W91A, E92A, Q93A, W94A and W95A were generated 
for testing in binding assays. pBabe-puro vectors for expression of the mutants 

30 were prepared, packaged into retroviruses and used to infect Rat-1 cells for 
production of pools of stable cell lines after puromycin selection. Each culture 
was lysed and immunoprecipitated with Bub1 antibody followed by 
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immunoblotting with T antigen antibody. Whole cell lysates were analyzed in 
parallel to assess the amount of T antigen used for the immunoprecipitation. As 
shown in Fig. 4b, the co-immunoprecipitation analysis revealed that in Rat-1 
cells T antigen also associated with Bub1 , and that the deletion mutant dl89-97 
5 was defective for this interaction consistent with our previous data in U20S cells 
(Fig. 2d). Interestingly, each of the tryptophan substitution mutants (W91 A, 
W94A, and W95A) was partially defective for binding Bub1 , whereas mutants 
E90A, E92A and Q93A were able to bind Bub1 . This result emphasizes the key 
role played by the conserved tryptophan residues within the "WEXWW" motif for 

10 binding Bub1. Perhaps not surprisingly, the single tryptophan substitution 
mutants retained some binding, whereas the much broader deletion mutant dl89- 
97 was almost totally defective. Interestingly, the T antigens encoded by the 
tryptophan substitution mutants, like the dl89-97 mutant, displayed an aberrant, 
more retarded mobility on SDS-PAGE that could be due to changes in 

1 5 modification. 

Bub1 binding is dispensable for T antigen mediated immortalization 

The immortalization potential of selected T antigen mutants was 
determined by retroviral infection of secondary rat embryo fibroblasts, followed 
by puromycin selection. After 14 days of puromycin selection, representative 

20 dishes were stained and counted to determine the immortalization efficiency of 
each mutant. At least 6 colonies were isolated for each and expanded to 
determine whether they would establish cell lines. The results for colony 
formation efficiency for two independent experiments depicted in Fig. 4c show 
that both the D44N and the dl89-97 mutant readily formed colonies. In addition, 

25 colonies isolated for each of these mutants readily established cell lines that 
could be serially subcultured demonstrating that they are both able to 
immortalize rat embryo fibroblasts. The dl89-97 mutant was repeatedly slightly 
more efficient than wild-type T antigen in colony formation (Fig. 4c). 
Furthermore, all of the point mutants were as efficient or often better than wild- 

30 type T antigen when tested for rat embryo fibroblast immortalization (data not 
shown). Taken together, this demonstrates that the dl89-97 mutant as well as 
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the point mutants are not universally defective, as would be expected if their 
structure was globally disrupted. 

Genetic analysis suggests that the interaction of T antigen with Bub1 is 
required for transformation 

5 Since Bub1 mutations had previously been identified in certain human 

cancers, it was desirable to test if interaction of Bub1 with T antigen might 
contribute to its transforming activity. One assay that measures T antigen 
transforming activity is based on its ability to overcome contact inhibition and 
form dense foci in Rat-1 cells (Kalderon and Smith, 1984). Hence, a cDNA 

1 0 expression vector encoding wild-type T antigen, deletion mutant dl89-97, or each 
of the point mutants, was transfected into Rat-1 cells. Three weeks later dense 
foci were visualized by staining with crystal violet. Strikingly, the mutant dl89-97 
as well as each of the tryptophan substitution mutants W91 A, W94A and W95A 
were severely defective for focus formation, whereas mutants E90A and E92A 

15 showed a partial defect, and mutant Q93A was unaffected relative to wild-type 
T antigen. These results correlate with the Bub1 binding data, where dl89-97, 
W91A, W94A and W95A have the most severe binding defect and Q93A the 
least, if any at all. This suggests that interaction with Bub1 may be required for 
efficient T antigen induced focus formation in Rat-1 cells. 

20 T antigen compromises the spindle checkpoint 

Progression through the spindle assembly checkpoint is dependent upon 
the presence of a functional mitotic spindle. Disruption of the spindle by 
microtubule-depolymerizing drugs such as nocodazole causes the cells to arrest 
in mitosis (Li and Benezra, 1996; Taylor and McKeon, 1997). If the interaction 

25 between T antigen, Bub1 and Bub3 is functional, T antigen expression might 
alter the normal response of the cells to nocodazole. In fact, a hallmark of mitotic 
spindle checkpoint defective cells is a failure to arrest in response to 
microtubule-depolymerizing drugs (Li and Benezra, 1996; Taylor and McKeon, 
1997). To test the response of cells to nocodazole the mitotic index of U20S, 

30 U20S expressing T or the dl89-97 mutant was examined after treatment with 50 
ng/ml nocodazole for 12, 15 or 19 hours. The mitotic index was calculated by 
counting the proportion of cells with condensed chromatin after visualizing the 
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DNA using Hoechst 33342 staining. As shown in the graph in Fig. 5a, the mitotic 
index in T antigen expressing cells was at all time points significantly lower than 
that of U20S or U20S expressing the dl89-97 mutant. To confirm these results, 
the mitotic index was also determined by staining the cells with antibody to 
5 phospho-histone H3, a marker of mitotic cells. After counting non-mitotic cells 
by visualizing their DNA with DAPI staining, the proportion of phospho-histone 
H3 positive cells was then calculated. Based on this approach, 39.9 % of the 
U20S cells were mitotic, versus 40.8 % of the U20S/dl89-97 and only 14.6 % 
of the U20S/T, when the cells were challenged with nocodazole for 1 5 hours. A 

1 0 representative field of phospho-histone H3 positive cells is shown in Fig. 5b for 
either U20S/T or U20S/dl89-97. Both assays for measuring the mitotic index, 
that is, staining with Hoechst or for phospho-histone H3, yielded very similar 
results and indicated that wild-type T antigen, but not the Bub1 binding mutant 
dl89-97, substantially decreased the mitotic index by overriding the checkpoint. 

15 Bypass of the spindle checkpoint should be accompanied by increased 
endoreduplication in the presence of nocodazole (Taylor and McKeon, 1997). 
As shown in Table 1 , we observed that 45.7 % of the U20S/T cells underwent 
endoreduplication (>4N DNA content), whereas in U20S and U20S/dl89-97 
cells only 24.8 % and 20.6 % underwent endoreduplication after nocodazole 

20 treatment. 



Table 1 

Cell line % >4N cells 

U20S 14.1 
25 U20S, 100 ng/ml nocodazole 24.8 

U20S/dl89-97, 100 ng/ml nocadazole 20.6 
U20S/T, 100 ng/ml nocodazole 45.7 



Hence, the decreased mitotic index and increased propensity for 
30 endoreduplication are both consistent with a T antigen induced override of the 
spindle checkpoint dependent on Bub1 binding. Yet another measure of spindle 
checkpoint dysfunction would be premature degradation of securin (Michel etal. , 
2001), the inhibitor of sister-chromatid separation targeted by the spindle 
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checkpoint. Cells were synchronized at the G1 IS border by mimosine treatment, 
released for 6 hours and then exposed to 40, 50 or 100 ng/ml of nocodazole for 
12 hours to trigger the spindle checkpoint. The U20S and U20S/dl89-97 cells 
exhibited a gradual increase in securin levels with increasing nocodazole 
5 concentration, whereas the U20S/T cells contained low levels of securin at all 
the nocodazole concentrations tested (Fig. 5c). 

To carefully study and compare the temporal response of rat embryo 
fibroblasts immortalized either with wild-type T antigen or the dl89-97 mutant to 
low levels of spindle damage, time-lapse interference microscopy was 

10 performed. In a dose-response experiment, it was found that 24 ng/ml of 
nocodazole differentially affected T- versus dl89-97-expressing cells. At this 
concentration of nocodazole, it was observed that approximately 90 % of the T 
expressing cells initially round up and then proceed to anaphase; the fate of the 
remaining 10 % remains uncertain. The vast majority of the cells that reach 

15 anaphase subsequently reattached to the bottom of the culture dish without 
completing cytokinesis, presumably because the microtubules are 
depolymerized. In contrast, >95 % of the dl89-97-expressing cells initially round 
up but they eventually flatten out without reaching anaphase. The temporal 
nocodazole response of a representative wild-type T- or dl89-97-expressing cell 

20 is illustrated in Fig. 5d. The observation that wild-type T- and dl89-97~ 
expressing cells respond differently to this concentration of the spindle toxin 
strongly supports the notion that wild-type T, but not the Bub1 -binding mutant, 
overrides the spindle checkpoint. 

Since a failure to arrest at the spindle checkpoint would result in 

25 chromosome mis-segregation, the U20S/T cells were examined for appearance 
of lagging chromosomes, anaphase chromatin bridges and multinucleated cells, 
all of which would indicate a faulty checkpoint. All of these mitotic abnormalities 
were observed in the T expressing cells; representative examples of chromatin 
bridges (Fig. 6D and E), a multi-nucleated cell (Fig. 6C) and lagging metaphase 

30 chromosomes (Fig. 6A and B) are shown in Fig. 6. Chromosomal DNA was 
visualized by DAPI staining, whereas the spindle was observed following anti-ct- 
tubulin immunostaining. To visualize the centromere or kinetochore, 
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immunofluorescence was conducted with either ANA-C anti-centromere human 
auto-immune serum (Fig. 6E) or anti-Bubl antibody (Fig. 6A). The presence of 
anaphase bridges, lagging chromosomes and multi-nucleated cells are all 
consistent with a defective checkpoint. 
5 Because T antigen is a multifunctional protein, it was essential to 

demonstrate that disruption of the spindle checkpoint by T antigen is linked to 
Bub1 binding and not to other functions of T, especially the binding of p53. 

Although p53 has been demonstrated not to be required for the spindle 
assembly checkpoint per se, it has been clearly shown to be required for a 

10 postmitotic checkpoint that appears to monitor tetraploidy (Andreassen et a/., 
2001; Lanni and Jacks, 1998; Minnefa/., 1996). When cells are challenged with 
spindle damage, they arrest only transiently at the metaphase to anaphase 
transition. Ultimately, a cell escapes arrest by a process termed "mitotic 
slippage" and subsequently encounters the tetraploidy checkpoint. Hence, cells 

1 5 with wild-type p53 arrest with 4N DNA content in a tt G1 like" state after prolonged 
nocodazole treatment, whereas cells without p53 undergo endoreduplication. To 
rule out the possibility that the dl89-97 mutant is defective in overcoming the 
tetraploidy checkpoint, the cells were treated with dihydrocytochalasin B (DCB), 
which is an inhibitor of cytokinesis that exclusively triggers the p53-dependent 

20 tetraploidy checkpoint but not the spindle assembly checkpoint (Andreassen et 
a/., 2001) . The cells were first synchronized using a mitotic shake-off after 
nocodazole treatment and then released into 1 0 |jM DCB. Fig. 7 shows the cell 
cycle profile of untreated as well as mitotically synchronized (mitotic shake-off) 
U20S, U20S/dl89-97 and U20S/T. As expected, when the U20S cells were 

25 released into DCB, they remained arrested with 4N DNA content since they have 
wild-type p53. Strikingly, both the U20S/dl89-97 and the U20S/T cells 
underwent significant and comparable endoreduplication (43.4 % and 45.1 % 
within the M1 gate, respectively). Taken together, this demonstrates clearly that 
the dl89-97 mutant is capable of functionally inactivating p53, and that its defect 

30 is likely to be linked to lack of Bub1 binding. 
Karyotype Stability 
Cell Line No.1 (HMF TS4). 
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These are fibroblast cells infected with 2 separate viruses: T Ag(U1 9dl89- 

97tsA58) and hTERT. 

The modal number of chromosomes was 46, i.e. diploid. The 

chromosome range was 33-59. The counts of 13 cells were 33, 40, 43, 44, 45, 
5 46, 46, 46, 46, 46, 47, 59. One double minute and 2 small chromosome 

fragments were detected in one out of thirteen cells. 

Cell line No. 2(HMF U19) 

These are human mammary fibroblasts infected with two separate viruses 

for hTERT and T Ag(U19dl89-97). This is the non-temperature-sensitive, non- 
1 0 DNA binding, non-Bub1 binding T Ag. Modal number of chromosomes was 44. 

Chromosome range was 29-44. The counts of ten cells were diploid with a 

variable chromosome number. However, some chromosomes may have been 

lost during the chromosome preparation. 

Cell line No. 3 (HMF 26) 
1 5 This human mammary fibroblast cell line containing the biscistronic virus 

expressed intermediate level of T antigen and appropriate level of hTERT. The 

HMF 26 cells are hypertriploid (aneuploid) with modal numbers of chromosomes: 

71-73. The chromosome range was 69- 78. The counts often cells were 69, 71, 

71, 71, 73, 73, 73, 76, 76, 78. Chromosome fragments were detected in eight 
20 out of ten cells. These data indicate numerical and structural chromosomal 

abnormalities. 

Cell line No. 4 (LTS4) 

These are luminal cells infected with 2 separate viruses: T Ag(U19dl89- 

97tsA58) and hTERT. 
25 The chromosome range of LTS4 cells was 36-51 . The modal number is 

51. The counts of six cells were 36, 37, 38, 48, 51, 51. No chromosome 

fragments or constrictions were detected. The cells are close to diploid (where 

n=46). 

Cell line No. 5(LU19) 

30 Luminal cells infected with two separate viruses: hTERT and T 

Ag(U19dl89-97). The modal number of chromosomes was 46 ie the cells are 
diploid. The chromosome range of LU1 9 cells was 46-93. The counts of 1 1 cells 
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were 46, 46, 46, 46, 48, 48, 50, 51, 55, 77, 93. There were no chromosome 
abnormalities detected in three diploid chromosome LU19 cells. 

Chromosome constrictions were detected in three cells. Two double 
minutes were present in one cell (image/12). Small chromosome fragments were 
5 detected in two cells. Two dicentric chromosomes were found in one cell. 
Cell line No. 6 (L8/13) 

Luminal cells infected with T Ag(U19tsA58) and hTERT driven from two 
separate viruses. The modal number of chromosomes in L8/13 cells could not 
be determined. The chromosome range was 46-1 29 indicating aneuploidy. The 
10 counts of seven cells were 46, 48, 60, 62, 66, 98, 129. The data indicate 
numerical chromosome abnormalities on most cells. Two chromosome 
fragments were detected in one of these cells. 

In summary, it was found that the cells transformed with T antigen having 
the deletion of U 1 9 and the Bub1 binding site, together with the catalytic sub-unit 
1 5 of the telomerase complex (hTERT) retained karyotype stability and immortalised 
character. In particular the construct having the following order of elements 
would provide the best balance between expression levels, immortalisation and 
karyotype stability: 

20 LTR-hTERT-CMV promoter-TAg(U1 9tsA58dl89-97)-IRES-neo-LTR 

Karyotype stability and immortalisation is not dependent on whether TAg 
is temperature-sensitive or not and whether the components are provided in a 
bicistronic virus or in separate viruses. 
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